This study proposes a new evaluation model of hydrogen-induced unstable fracture of high strength steel and/or its welds. In this model, a new driving force for hydrogen-induced fracture, Hydrogen-Weibull stress, is proposed on the basis of the original Beremin model, where cohesive energy reduction due to diffusible hydrogen is implemented into the local unstable fracture model. The Hydrogen-Weibull stress, which is enlarged not only by the local stress but also by diffusible hydrogen content, can be independent of geometrical parameters of components as well as diffusible hydrogen content. The validity of this Hydrogen-Weibull stress is demonstrated by constant load test conducted with different load level and with various initial hydrogen contents.
Introduction
High strength steel and its welds should be taken care of avoidance of hydrogen-induced delayed fracture for promoting industrial use. There have been evaluation methods of hydrogen-induced unstable fracture taking account of the diffusible hydrogen content that mainly influences the fracture. 1, 2) Moreover, the methods taking not only the local stress but also the local diffusible hydrogen content in the components into consideration have also been proposed. 3, 4) However, for the more accurate evaluation of the time dependent hydrogen-induced fracture with statistical scatter and for transferable evaluation of that dependent on the shape and size of the components and loading condition, a new evaluation model is required to be proposed.
On the other hand, a local approach to develop a criterion for stress-controlled unstable fracture initiation has been proposed by Beremin research group. 5, 6) This approach, that is called Beremin model, can describe the stress-controlled fracture having the probabilistic features by assuming the existence of micro-cracks as fracture sources and these statistical distribution. In this model, a new fracture driving force called Weibull stress has been proposed, in which not only local stress but also volume of highly stressed region were taken into account. It has been widely demonstrated the Weibull stress at brittle fracture initiation could be material constant. [7] [8] [9] [10] Therefore, this Weibull stress criterion enables transferability analysis; effect of specimen geometry and size as well as loading mode on brittle fracture load can be predicted. With focusing on this local approach, a development of a new estimation method of hydrogen-induced unstable fracture in brittle manner has been advanced taking the deterioration of materials due to hydrogen into consideration. 4) This new approach is successful for predicting the occurrence of delayed fracture for components with various stress concentration factors and hydrogen contents, whereas the method for determining the material parameters with respect to hydrogen-induced deterioration of materials has not been necessarily established.
This study proposes a new Weibull model to estimate the effect of hydrogen content, configuration of components as well as loading condition on time to hydrogen-induced unstable fracture in brittle manner with statistical scatter for high strength steel and/or its welds based on the Beremin model. And methods for identifying the material parameters with respect to Beremin model as well as hydrogen-induced deterioration of materials are proposed. Hydrogen-induced fracture tests under constant load are conducted for circumferentially notched round-bar specimen of heat-treated high strength steel. The time evolution of diffusible hydrogen distribution around the notch is analyzed by means of diffusion equation expressed with activity taking account of the effect of hydrostatic stress and plastic strain on hydrogen diffusion. Then, effect of applied constant load level on time to hydrogen-induced fracture initiation and its dependence on initial diffusible hydrogen content are predicted on the basis of the proposed evaluation model and validity of the proposed new model is demonstrated. 
Experiment of Hydrogen-induced Fracture
The material used is a heat-treated high strength steel simulated a coarse-grained heat affected zone (CGHAZ) by welding. The steel plate with thickness t=75 mm having the chemical composition shown in Table 1 was heated up to 1 300°C and cooled in the air after keeping for 30 minutes. Mechanical properties of the steel after simulated CGHAZ heating obtained by tension test for a round-bar specimen with a diameter of 6 mm are summarized in Table 2 .
A hydrogen-induced unstable fracture test under constant load (constant load test) was conducted using a circumferentially notched round-bar specimen with stress concentration factor Kt=4.5 (notch radius is 0.1 mm) shown in Fig. 1 .
In this specimen, the hydrogen with various content was absorbed. The target diffusible hydrogen content HDI absorbed in the specimen was varied from 0.035 ppm to 2.2 ppm.
Cathodic hydrogen charging tests were conducted in 3% NaCl solution with 1-3 g/L NH4SCN or in 0.5% H2SO4 solution with 1.4% (NH2)SC under cathodic current density in the range from 1 to 10 mA/cm 2 at room temperature for 24-100 hours. Immersion tests were also conducted in 5% NaCl solution containing 0.5% CH3COOH saturated with 0.01-1 atm H2S at room temperature for 24 hours to charge much hydrogen than the cathodic charging method.
High pressure H2 exposure tests under 45 MPa at 85°C for 24 hours were also conducted to charge hydrogen less than 0.22 ppm. It is supposed that the heat treatment at 85°C for 24 hours did not produce any microstructural changes, as the prepared steel plate sample with 75 mm thickness was slowly cooled in air from 1 300°C to room temperature.
After the hydrogen was charged, the specimens, in which corrosion products were completely removed by mechanical polishing, were electrically coated with Zinc to avoid hydrogen emission from the specimen. Zinc plating was conducted under cathodic current density at 30 mA/cm 2 for 5 minutes in aqueous solution containing 400 g/L ZnSO4·7H2O and 75 g/L Na2SO4 at room temperature. After Zinc plating, the specimens were kept at an ambient temperature for 24 hours to homogenize the hydrogen content in the specimen. The constant load tests were conducted under different two load levels; the average notch section stress σnet, which is a load divided by the initial notch section, is 0.5 and 0.7 times the ultimate tensile strength σnB=2 133 MPa of the specimen used for constant load test. The load was applied as shown in Fig. 2 . The load was continued to apply until fracture or for 100 hours provided the specimen has no fracture.
The final diffusible hydrogen content HDI absorbed in the specimen was identified on the basis of the Thermal Desorption Analysis (TDA) by integrating the 1 st peak of the hydrogen evolution curve. 1, 11) TDA was conducted at heating rate of 10°C/min from room temperature to 600°C. The peak temperature was almost 250°C, among by cathodic charging methods, H2S immersion tests and exposure tests under high pressure gaseous hydrogen. Therefore, hydrogen-trapping status should be equivalent in abovementioned three methods, while absorbed hydrogen contents were varied according to hydrogen charging methods and charging conditions.
All the measured time to fracture tcr in the constant load tests was summarized in Fig. 3 . As expected easily, the tcr 
Hydrogen Weibull Stress
The local approach to develop a criterion for stresscontrolled unstable fracture initiation has been proposed by Beremin research group. 5) This approach can describe the stress-controlled fracture having the probabilistic features, which can be controlled by a weakest link theory, by assuming the existence of micro-cracks and these statistical distribution. In this original Beremin model, unstable fracture stress (Eq. (1)) of a unit volume that includes statistically one penny-shaped micro-crack was derived based on the energy criterion expressed in Eq. (2) . where V0 is a unit volume, m and σu are Weibull parameters (material constants), and σeff is local stress in fracture process zone VPZ. As for the effective local stress σeff for fracture, maximum principal stress σ1 has been normally used. The Weibull stress σW at fracture controlled by unstable propagation of the micro-crack can be material constant independent of plastic constraint associated with shape and size of component as well as loading mode.
In the case that the hydrogen facilitates the unstable fracture, that is not strain-based dimple mode fracture but stressbased fracture with statistical scatter, the idea of the local approach of Beremin could be advanced to the evaluation of hydrogen-induced fracture. On the other hand, it has been reported that there have been three major causes of hydrogen embitterment from microscopic point of view; 1) advancing dislocation motion, 12) 2) decreasing a cohesive force of ferrous atoms 13, 14) and 3) increasing vacancy content 15) due to hydrogen. However, the intrinsic causes of hydrogen embitterment as well as mechanism and process of fracture induced by these causes have not been clearly understood. From these points of view, decohesion theory (2)), where the lattice cohesive force is decreased by hydrogen, which could be more applicable to the Beremin model was employed and a new driving force for hydrogeninduced unstable fracture initiation was proposed.
In this study, the energy release rate associated with surface energy was assumed to be a function of hydrogen as expressed in Eq. (4) (5) where σeff is local effective stress for fracture in process zone and HD is local diffusible hydrogen content as schematically illustrated in Fig. 4. 
Analysis of Stress Distribution and Kinetics of Hydrogen Diffusion
In order to evaluate the new driving force for hydrogeninduced fracture, that is hydrogen Weibull stress σWH, the stress/strain distributions as well as kinetics of the hydrogen diffusion in the notched specimen during the constant loading were analyzed using the FE-code ABAQUS ver.6.4. The analysis of hydrogen diffusion followed the elastic/plastic analysis. The configuration of the FE-model was the same as the specimen used in the experiment, and 3-dimentional isoparametric solid element with 8-gausian points was used for modeling.
Elastic/Plastic FE-analysis
The elastic/plastic analysis was conducted under the same loading condition as that in experiment shown in Fig. 2 , so that the evolution of hydrogen diffusion up to constant load could also be calculated. The equivalent stress-equivalent plastic strain curve of the steel directly converted from the round-bar tensile test result was used for FE-analysis.
FE-analysis of Hydrogen Diffusion
In the hydrogen diffusion analysis, the effect of stress 
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field as well as plastic strain field on hydrogen diffusion was implemented. The diffusion assumed to be driven by the gradient of a chemical potential including hydrostatic stress, which gives the general behavior 16) . (7) where J is diffusion flux vector, HD (diffusible) hydrogen content, D diffusion coefficient, η activity coefficient, a activity (=ηHD), σm hydrostatic stress, VH (=2 × 10 -6 m 3 /mol), R and T are partial molar volume of hydrogen, gas constant and temperature, respectively. And plastic strain dependent activity coefficient was employed. 17) Namely, in this hydrogen diffusion analysis, the evolution of hydrogen is influence by hydrostatic stress and plastic strain as well. The diffusion coefficient of the steel D0 (under stress-and strainfree condition) and activity coefficient as a function of plastic strain were measured by electrochemical hydrogen permeation test using thin plate specimens with thickness t=1.5 mm subjected to various amount of tensile plastic strain. The hydrogen permeation tests were conducted by Devanathan type double cell methods 18) using membrane specimens taken from pre-strained tensile specimens. Both sides of the membrane were polished using No. 600 emery paper, and then one side was electroplated with nickel. After fixing the electroplated side to the test cell, the cell was filled with a 0.1 N NaOH solution. The electroplated side was polarized at 0 V versus potassium-saturated Ag/AgCl reference electrode using a potentiostat. Through experiments, hydrogen atoms that permeate the membrane were oxidized to hydrogen ions on the electroplated surface. Another cell to the polished side was filed with 3% NaCl solution containing 3 g/L NH4SCN, then cathodic polarized to charge hydrogen. The cathodic hydrogen current density was periodically changed in the range from 1 mA/cm 2 to 10 mA/cm 2 . Hydrogen diffusion coefficient D was derived from the transient of the hydrogen permeation current density. 19) The shown in Fig. 5 can be derived by measuring the apparent diffusion coefficient of the plastically strained steel from . Figure 6 provides the distribution of normalized hydrogen content HD/HDI (HDI=0.22 ppm) along with hydrostatic stress σH and equivalent plastic strain ahead of notch-tip of the specimen after 100 hours (at almost steady state) under constant load levels σnet/σnB=0.5 and 0.7. For comparison, HD/HDI distribution analyzed by diffusion equation with η=1, where the hydrogen diffusion is assumed to be driven only by the σH without plastic strain effect. The hydrogen content was found to exhibit the peak value at the region between notch-tip that provides the maximum plastic strain and the maximum hydrostatic stress point, whereas in the case of the analysis without consideration of plastic strain effect the point to provide peak hydrogen content was the same as that to provide peak hydrostatic stress. It can be also seen that a larger amount of hydrogen is accumulated under the higher applied constant stress (σnet/σnB=0.7) compared to that under lower applied constant stress (σnet/σnB= 0.5).
Analytical Results

Prediction of Time to Hydrogen-induced Fracture Based on the Proposed Hydrogen Weibull Stress Model
The hydrogen-induced unstable fracture was evaluated with the proposed Hydrogen-Weibull stress σWH.
Identification of Material Parameters for Hydrogen-Weibull Stress Calculation
In order to calculate σWH (Eq. (5)) using the stress and The Weibull parameter m can be determined from large number of hydrogen-induced fracture test results for the specimens with a certain content of diffusible hydrogen. However, due to the less number of tested specimens, the m was assumed to be 20 in this study from the following point of view. The m=20 had been considered to provide smaller differences in Weibull stress between different types of specimen when the specimens fractured in brittle manner under large scale yielding condition. 20, 21) In the case of the hydrogen-induced fracture tests conducted in this study, the specimens also accompanied a larger amount of plastic strain around notch-tip. Then, the m=20 was used while admitting this would provide smaller differences in hydrogen-induced fracture time between different types of specimen.
Prediction of Time to Hydrogen-induced Fracture
According to the procedure shown in Fig. 8 , the range of critical σWH,cr for hydrogen-induced unstable fracture (II) was estimated from the experimental results under constant load σnet/σnB=0.7 for the specimens with initial diffusible hydrogen content HDI of 0.22 ppm (I). Then, from the calculated σWH for the specimens under various load conditions and with various initial diffusible hydrogen contents (III), the time to fracture tcr for a specimen of concern was predicted (IV), where the σWH reaches the critical σWH,cr.
As shown in Fig. 9 , the predictions seem to provide slightly lower time to fracture tcr than experimental results. One of the reasons is the employment of the lower bound of m (=20) in this estimation as explained previously. How- ever, the tcr under σnet/σnB=0.7 for the specimens with different HDI was found to be almost consistent with experimental results. Furthermore, the effect of applied constant load σnet/σnB on the tcr was predicted with good accuracy.
Conclusions
In this study, a new evaluation method of hydrogeninduced unstable fracture of high strength steel and/or its welds was proposed. In this model, a new driving force for hydrogen-induced fracture, Hydrogen-Weibull stress, was proposed on the basis of the original Beremin model, taking the cohesive energy reduction due to diffusible hydrogen into consideration. The critical Hydrogen-Weibull stress for hydrogen-induced unstable fracture that was enlarged not only by the local stress but also by diffusible hydrogen content was demonstrated to be independent of initial diffusible hydrogen content absorbed in the specimen and applied constant load level as well. This new Weibull model can assess the susceptibility of hydrogen-induced fracture for the specimens with any shapes and sizes, and under any loading conditions, moreover can predict a time to unstable fracture initiation that has statistical scatter in general.
